Abstract: At low temperatures the metalorganic compound trimethyltin hydroxide, (CH 3 ) 3 SnOH, possesses a commensurately modulated crystal structure, the modulation wave vector can be described as * = 
Introduction
The study of modulated molecular (organic and metalorganic) compounds helps to better understand the reciprocity between intermolecular interactions and crystal packing in the solid state. It is not properly understood how the short-range intermolecular interactions between neighbouring molecules produces the long-range order in crystals. For example, computational approaches to crystal structures can predict the crystal structures of relatively simple molecular crystals provided these structures possess translational symmetry [1] . However, long range order can be periodic as well as aperiodic, resulting in a modulated crystal structure in the latter case [2] [3] [4] [5] [6] [7] .
Superstructures are very interesting aspirants for that kind of investigation as they have an intermediate position between "classical" and aperiodic structures; they can be described both as (three-dimensional) periodic structures with large unit cells and as commensurately modulated structures applying the superspace appoach to a small basic-structure unit cell with modulations [8] [9] [10] . The title compound has drawn our attention as a suitable candidate for a description as modulated structure in superspace: trimethyltin hydroxide, (CH 3 ) 3 SnOH, was reported to crystallise at room temperature in a superstructure with high Z′, either in an eight-fold or in a 2 × 2 × 8 = 32-fold superstructure [11, 12] . With respect to the diffraction pattern, it exhibits a considerable amount of weak or even unobserved superlattice reflections [11] . Furthermore, Me 3 SnOH assumes different molecular conformations in solution and in the solid state. In solution it has a dimeric structure in which two Sn-O groups form a four-membered ring with the (CH 3 ) 3 Sn groups having nonplanar configuration [13] . In the solid state it is a linear polymer in which the planar (CH 3 ) 3 Sn groups are bridged by the O atoms [13, 14] . Different conformations in different phases are also observed for biphenyl [15] and might indicate frustration between intra-and intermolecular interactions in the crystal structure, serving as possible origin for the modulation [16] . Upon cooling Me 3 SnOH undergoes a first order phase transition at T c ≈ 176 K from the superstructure with high Z′ towards a two-fold superstructure with Z′ = 1 [12] .
Trimethyltin hydroxide and related compounds have attracted attention because of the extraordinary chemistry. The molecules are not associated via hydrogen bonds, but via Sn-O-Sn bridges between neighbouring Sn atoms [11, 14] , forming a rather stable polymeric chain structure. Such polymeric structures are found also for triphenyltin hydroxide and triphenyllead hydroxide [17] , triethyltin hydroxide [18] , trimethyltin methoxide [19] , trimethyltin tetrafluoroborate [20] and trialkyltin formate [21] . In a similar way the trimethyltin chloride and trimethyltin bromide form tin-halogen-tin bridges [22] .
The title compound belongs to the class of metalorganic compounds with a sp 2 hybridised metal centre [23] .
One molecule, or better one formula unit Me 3 SnOH, consists of the tin atom bonded to three methyl groups and one hydroxy group. In the crystal structure the tin atom and the carbon atoms of the methyl groups form a trigonal planar conformation with the Sn-O bond being perpendicular to this plane (Figure 1 ). The tin atoms of neighbouring molecules are associated via Sn-O-Sn bridges forming chains with almost equidistant Sn-O bonds (d ≈ 2.2 Å), resulting in a slightly distorted trigonal bipyramidal coordination of the tin atom. These chains are along the crystallographic c-axis, the intensity distribution in the diffraction pattern proposes them to be 8 3 helix-like molecular chains. The Sn-O-Sn angles along the chains are about ∠ ≈ 140° [12] . The structure of the room temperature phase contains one or four such independent polymeric strands, depending on the model as an eight-fold or as a 32-fold superstructure [11, 12] .
In 2004 a structural model for the low temperature structure at T = 150 K in orthorhombic non-centrosymmetric space group P2 1 2 1 2 1 was deposited as data base entry [25] in the Cambridge Structural Database [26] , but not further discussed. More recently, in 2011, a model in monoclinic centrosymmetric space group P2 1 /c for T = 120 K was published by another group [12] as twofold superstructure. In contrast to the helical arrangement of the chains in the room temperatures phase, at low temperature the chains are reported to be planar (with respect to the tin and oxygen atoms, which form zig-zag chains) and two-fold disordered in the monoclinic model.
In the present contribution the low temperature phase of trimethyltin hydroxide, (CH 3 ) 3 SnOH, is considered and a structural model is proposed within the (3+1)-dimensional superspace approach [8, 27] . Describing a three-dimensional periodic superstructure as a commensurately modulated structure in superspace has the advantage of establishing a straightforward structural relation between phases at different temperatures [9, 10] . The superspace model is refined against singlecrystal X-ray diffraction data measured at T = 100 K with synchrotron radiation in orthorhombic superspace group P2 1 2 1 2(00γ)00s, No. 18.1.9.2 [28, 29] , resulting in space group P2 1 2 1 2 1 for the two-fold superstructure. A superspace approach to the room temperature phase as well as the relation between both phases will be discussed elsewere.
Experimental Data collection
Single-crystals of Me 3 SnOH were obtained from Alfa Aesar (98% purity). As the crystals are moisture sensitive, they were stored under Argon atmosphere at T ≈ 250 K to prevent decomposition. For diffraction experiments the needle shaped crystals were used as received, no further treatment was applied to the samples.
Single-crystal X-ray diffraction experiments were performed at beamline F1, Hasylab, DESY (Hamburg, Germany) on a four-circle kappa geometry diffractometer with MAR-CCD area detector. A complete data collection was done by ϕ and ω scans with step width of Δ = 1° per image, different detector settings and exposure times of t = 2 or 16 s (Table 1) . To keep radiation damage, which was reported by [12] , as small as possible, to reduce absorption effects and to achieve a high resolution, a short wavelength of λ = 0.55999 Å was used. Nevertheless, at the end of the data collection the crystal surface showed indications of decomposition. That the crystal quality suffered during measurement was also seen within the data integration process on the mosaicity correction, the corresponding parameter increased from 0.3 at the beginning to 0.5 at the end of measurement.
An open-flow nitrogen gas Oxford Cryostream cooling device was used to set the temperature of the crystal to T = 100.0(3) K. Special care was taken while cooling down the crystal. With the phase transition being at T c ≈ 176 K a slow cooling rate of 0.5 K/min was chosen in the temperature range 190 K > T > 160 K and a higher rate of 3 K/min above and below this range.
A first inspection of the measured frames showed superstructure reflections of 1 st order along the c * -axis and diffuse scattering in the planes parallel to the (a * , b * )-plane defined by the main reflections ( Figure 2 The refinement of the lattice parameters and of the modulation wave vector components (Table 1) as well as intensity integration and data reduction were done with the software package Eval15 [31] . Empirical absorption correction was applied with Sadabs [32] .
As the refined angles are equal to 90° within 5 s.u. and as the In addition also the orthorhombic setting of the data base entry in symmetry P2 1 2 1 2 1 [25] and the monoclinic setting of the published superstructure in P2 1 /c [12] were tested. The resulting lattice parameters are compared with the published ones in For sake of comparison all data were transformed into a common setting.
orthorhombic lattice the refinement is based on 3180 reflections, for the monoclinic one it is based on 3202 reflections. In the orthorhombic setting 9607, 10220 (obs, all) reflections are measured, 16, 74 (obs, all) reflections were rejected as systematically extinct in space group P2 1 2 1 2 1 ; averaging of the observed reflections results in R int = 0.0334. In the monoclinic setting 9601, 10243 (obs, all) reflections are measured, 401, 537 (obs, all) reflections were rejected as systematically extinct in space group P2 1 /c; averaging of the observed reflections results in R int = 0.0333. As for the present data the monoclinic angle is equal 90° within one standard uncertainty (Table 2 ) and as a large number of observed reflections contradict to monoclinic symmetry P2 1 /c, the treatment of the data as a twofold superstructure favours the orthorhombic model and supports the derived orthorhombic superspace group in higher-dimensional space.
Structure solution and refinement
The crystal structure was solved within the incommensurate approximation in (3 + 1)-dimensional superspace, by applying the charge flipping algorithm [33] with the programme Superflip [34] . In the resulting density map the position of the Sn atom was identified by the automatic peak search procedure performed with Jana2006 [35] together with the parameters of a displacive modulation described by continuous atomic modulation functions (AMFs) with harmonic waves of first order. 
However, any approach applying continuous harmonic waves as AMFs resulted in a non-converging refinement. As the four-dimensional Fourier maps of the O and C atoms indicated discontinuous atomic domains, the AMFs for all atoms were split along the phase of the modulation t into discrete atomic domains described by crenel functions [36] with width Δ = 1/2 along x 4 . Those crenel functions together with their symmetry equivalents along x 4 represent the two different atomic positions of the atoms in the twofold superstructure, the corresponding symmetry operation being the screw axis along internal space parallel c: (2 z , s): -x 1 , -x 2 , x 3 , x 4 + 1/2. To keep the model chemically meaningful, the centres of the crenel functions were refined with the constraint to show the same phase of the modulation t by appropriate equations Table 3 ], providing strong proof for the commensurate character of the modulation. Refinement of the centres of the crenel functions resulted in singularities, therefore those values were fixed and not refined any further.
As seen in Table 3 , the two refinements for t 0 = 0 and t 0 = general ( = 1/8) converged at similar statistical parameters; to verify which of both is the more suitable, a harmonic wave of first order for displacive modulation was superposed to the crenel functions in the model for t 0 = 1/8, which would define the monoclinic distortion in the structure in case that it is present. However, such refinement suffered from large correlations between parameters, resulting in an For sake of comparison the reflections are processed in monoclinic symmetry for all models, resulting in a total of 5924, 6140 (obs, all) reflections, 3000, 3074 main and 2924, 3066 satellite reflections of first order.
oscillating and non-converging refinement. Therefore the monoclinic model was discarded from further analysis. Finally, due to non-centrosymmetric space group symmetry inversion twinning was tested, the twin volume ratio refined to 0.70(4)/0.30 (4) . As the effect of twinning was marginal, the refinement converged at = obs (main) 0.0191 
Discussion
In the model with commensurate modulation only two points along x 4 have a physical meaning and are related by the screw axis along internal space parallel c: (2 z , s): -x 1 , -x 2 , x 3 , x 4 + 1/2. The initial phase of the modulation t 0 is chosen as t 0 = 0. The AMFs are described by crenel functions with width Δ = 1/2 and the modulation wave vector components are α = β = 0 and γ = 1/2. Therefore the relation between x 4 and t simplifies to
The resulting values for the fractional coordinate along the additional dimension x 4,Sn1 = 0.0880, x 4,O1 = -0.1627, x 4,C1 = 0.1666 and the ones for the symmetry equivalent atoms shifted by 1/2 are indicated in the corresponding higher-dimensional Fourier maps along x 4 (Figures 3-5) as small open circles. Note that those positions are close to but do not exactly coincide with the centres of the crenel functions, as the latter ones are not refined but fixed to some "arbitrary" values (x 4,0 = -0.1600 for O1 and then correspondingly 0.0907 for Sn1 and 0.1694 for C1).
Choosing t 0 = 0 the resulting two-fold superstructure has orthorhombic space group symmetry P2 1 2 1 2 1 with one formula unit Me 3 SnOH in the asymmetric unit and four formula units in the supercell, resulting in two polymeric chains in the unit cell as shown in Figure 6 . The chains , the width of the maps is 3.5 Å for (x 1 , x 4 ), 2.5 Å for (x 2 , x 4 ) and 3.3 Å for (x 3 , x 4 ). The higher-dimensional Fourier maps are calculated with Jana2006. , the width of the maps is 3.5 Å for (x 1 , x 4 ), 2.5 Å for (x 2 , x 4 ) and 1.5 Å for (x 3 , x 4 ). The higher-dimensional Fourier maps are calculated with Jana2006. are separated by van der Waals gaps, the hydrogen distances being with d H-H ≥ 2.5 Å (Table 4) clearly above the limit of d min ≈ 2.2 Å for closest H···H interactions [37] , and they are related to each other via the (2 1 , 0) screw axes along a and b. Each chain shows true screw rotation along internal space parallel c: (2 z , s) in the superspace model, corresponding to a 2 1 screw axis along c in the twofold superstructure.
With respect to the sp 2 hybridisation of the Sn atom, its configuration should be trigonal bipyramidal with the Sn and the three C atoms defining the basal plane and the O atoms defining the apical corners. However, this trigonal pipyramid is distorted, the two interatomic distances Sn-O deviate from each other by about 0.02 Å, as the Sn atom is shifted out of the plane defined by the C atoms towards the O atom. All atomic distances and angles are close to but slightly deviate from ideal values ( Table 5 ).
The angles ∠(O′···Sn-O) are with 177.5° almost linear, while the angles ∠(Sn-O···Sn″) are 139.4°, generating the zig-zag arrangement of Sn and O atoms along c-axis (Figures 1 and 6) . Those values are comparable to the ones for triphenyl hydroxide with 177.6° and 137.8° [17] and for triethyl hydroxide with 177.9° and 145.5° [18] .
The polymeric strands are forming a two-dimensional pseudo-hexagonal pattern on the (a, b)-plane (Figure 6 , bottom). However, at b/a = 1.604 the ratio of the lattice parameters is far from the ideal value of (Table 4) . One might explain the orthorhombic distortion by C-H···O hydrogen bonding [38, 39] (Figure 7 and Table 6 ).
The diffuse scattering is found in planes perpendicular to the c-axis, which is the axis of the polymeric zig-zag chains. The origin of this diffuse scattering can be lack of The hydrogen positions were calculated via riding models to the C atom. Symmetry operations: (vii) x - 1/2, -y - 1/2, -z.
complete order between the chains. For example, different chains might be shifted with respect to each other by different amounts along c. Another posibility of disorder might be an arbitrary direction of the zig-zag.
Conclusion
The twofold superstructure of trimethyltin hydroxide at T = 100 K has successfully been described within the superspace approach. In contrast to the recent publication with a monoclinic structure model [12] our data shows orthorhombic symmetry as it was also applied in the earlier data base entry [25] .
Next to the H···H van der Waals interactions between the chains (Table 4) C-H···O interstrand hydrogen bonds ( Figure 7 ) could be identified, serving as possible force for the packing and the (planar) zig-zag arrangement of the polymeric chains.
